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SUMMARY

Band shifts on Raman spectra were used to assess, at a microscopic scale, the residual strain existing in

Hi-Nicalon fibers reinforcing celsian matrix composites. Uncoated as well as p-BN/SiC- and p-B(SDN/SiC-coated

Hi-Nicalon fibers were used as the reinforcements. We unambiguously conclude that the fibers are in a state of

compressive residual stress. Quantitative deternfination of the residual stress was made possible by taking into

account the heating induced by laser probing and by using a reference line, of fixed wavenumber. We found fiber

compressive residual stress values between 1 I0 and 960 MPa, depending on the fiber/matrix coating in the composite.

A stress relaxation-like phenomenon was observed at the surface of p-BN/SiC-coated Hi-Nicalon fibers whereas the

uncoated or p-B(Si)N/SiC-coated Hi-Nicalon fibers did not show any stress relaxation in the Celsian matrix composites.

INTRODUCTION

Ceramic matrix composites (CMCs) are light-weight refractory materials which are of potential interest for high-

temperature structural components in various aerospace and industrial applications. In part I, (ref. 1) the phases present

in celsian matrix composites reinforced with (desized) uncoated or p-BN/SiC-coated Hi-Nicalon fibers were identified

and characterized by Raman microspectroscopy, from a chemical and structural point of view. In this second part, we

further interpret the fibers" spectra in an attempt to assess the residual strain resulting from the difference in coefficient

of thermal expansion, or, between the fiber and the matrix. Modeling this stress mathematically would be difficult,

especially in the case of coated fibers. Indeed, interphase materials promote stress relaxation (due to higher compliance,

cracking or c_ mismatch). Besides, they are usually partly crystalline, often metastable, materials and their expansion is

difficult to measure. The objective of this paper is to assess stresses in Hi-Nicalon fibers embedded in celsian matrix

composites using Raman microspectroscopy.

BACKGROUND

Raman-based stress measurements rely on the anharmonic nature of the chemical bonds, which make normal

vibrations sensitive to any external disturbance of the potential well, say for instance a pressure or a temperature change

ILaboratoire Dynamique-lnteractions-Rractivit6 tLADIR). UMR7075 - CNRS & Universit6 Pierre et Marie Curie. Thiais, Val de Marne, 04320.
France.

2Drpartement Matrriaux & Systrmes Composites (DMSCt. Office National d'Etudes et de Recherches Arrospatiales IONERA). Chatillon,
Hauts de Seine, 92322, France.

NASA/TM--2000-210456 1



(ref.2).Theshiftinducedonmodei wavenumbervi (cm-! ) when a stress o (GPa) is applied to the material is calibrated
by linear regression:

vi =v°+s_×o (l)

where Vi0 is the "stress-free wavenumber" and Si_, expressed in cm-l/GPa unit, is a direct measure of bond anharmonicity

(refs. 3 and 4). Adopting the convention that cs is positive for a compressive stress, SiC_is positive in almost all cases and
depends on the mode according to the structure anisotropy.

Many of the available values were obtained through diamond anvil cell experiments on crystals, o being the
hydrostatic pressure. Examples of investigated materials are diamond (ref. 5), fullerites (refs. 6 and 7), 6H-SiC (refs. 8

and 9), ilmenite (ref. 10) and TiO, (ref. 11 ). Some data also exist for materials stressed uniaxially, either in compression

(diamond (ref. 12), silicon (ref. 13), Ti203 (ref. 14), sapphire (ref. 14), CaF_ (ref. 15), BaF, (ref. 15), Bil2GeO20
(ref. 15)) or in tension (silica (ref. 16)). These reported values cannot be applied'to multiphase materials like SiC fibers,

because the phases are amorphous/nano-crystalline (ref. 17). Wavenumber shift calibrations are then mandatory, and

usually obtained under axial tension. The control parameter is the strain e% (the superscript % is a reminder that we do

not use the "absolute" strain), which leads to a sensitivity expressed in cm-l/% unit (refs. 18 to 21):

vi =v °+s_ ×_% (21

It ensues from the comparison of ( 1) and (2) that:

×-L (3)100

Equation (3) supposes Young's Modulus E (in GPa) to be the same in compression and in tension, which we shall discuss
further, on account of the bond nature and three-dimension-symmetry in silicon carbide structures. Note that E is the

whole fiber Young's modulus, not that of the phase a mode of which is used for strain dependency determination.

Calibrations of SiE were done for carbon Raman contributions in polymeric, carbon and SiC fibers (refs. 18, 20 to 33).

In the latter case, the results could be compared with Sie of silicon carbide optical modes, which experienced different
stress states in the two phases (ref. 4).

Theoretical predictions of strain-induced "Raman shifts" exist for cubic crystals (ref. 34) and the corundum structure
(Ti203 (ref. 14) and _-A1203 (refs. 14 and 35). They are based on the elastic constants tensor and their use for the

determination of biaxial stresses in layered materials like CVD diamond films (refs. 36 and 37) or locally oxidized silicon

(LOCOS) (refs. 38 and 39) produced consistent results. The Griineisen coefficient (ref. 40) is sometimes preferred to

Si° and Sie to express the wavenumber sensitivity to external stresses. It is defined as a function of the volume (V) as:

log v i

_'i - 01ogV (4)

If only the pressure component changing the unit cell parameters is considered (the so-called hydrostatic component, the

other one changes bond angles (refs. 41 and 42)), then Si crand "Yiare linked by a proportionality factor:

S_ - v? x Yi
B (51

B is the material' s bulk modulus B = -V x . In the general case, equations of state (EOS) linking V (or the cell
T

parameters) to the applied stress are mandatory to correlate equations (1) and (4), in other words to compare Si° and "l(i.
Different EOS exist for solids, like Murnaghan's (refs. 9 and 43), the Birch-Murnaghan EOS (ref. 44) or Tait's EOS

(ref. 45). Bridgeman also proposed a specific EOS for polymers (ref. 45). In cubic materials (V = a3), _'ican be obtained
directly from the wavenumber shifts measured for an hydrostatic stress and shear stresses along high symmetry directions
(refs. 12 and 13).
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TheHi-Nicalonfiberconsistsofseveralphases,whichareallsomewhatamorphous.It wouldbeunrealisticto
theoreticallypredictstrain-inducedRamanshiftstothemortousereportedGriineisencoefficients.Wewill therefore
useSi_coefficients:however,theratherhighmeasurementuncertaintynecessitatesthedeterminationof optimum
workingconditions.

EXPERIMENTALPROCEDURE

SamplesandEquipment

Thesamplesandtheexperimentalequipmenthavebeenfullydescribedinpartl (ref.l ).Thespectrawererecorded
ona"XY'"spectrograph(Dilor,France)withaback-illuminatednitrogen-cooledCCDdetector(Spex,France).Thelaser
spotsizecouldbeloweredthroughamicroscopefrom100to 300tam("Macro-configuration")to 1_rn("Micro-
configuration").Inthelattercase,thebeamcouldbescannedoverthesamplesurfacewiththehelpofamobilemirror.
An"Ar-Kr"lasersource(model"Innova70"fromCoherent,USA)allowedustoworkwithblue(457.9and488nm),
green(514.5and530.9nm)andred(647.1nm)excitations.A motorizedX-Ydisplacementtablewasusedfor a
two-dimensional-mappingof anygivensurfaceandthe556.3nmlineof a neonlampthatwasinstalledin the
spectrographchamberwasawavenumberreferencewhenworkingwiththe514.5nmlaserline(thecorrespondingshift
was1460.4cm-1,peakinginthemiddleofcarbonsignal).

Ourinterestfocusedonthreeunidirectionalcelsian-matrixcomposites(12plies),preparedbyhotpressingof a
calcinedmixtureofBaCO3,SrCO3,A1203andSiO2powders.CompositeNo.! wasreinforcedbyflame-desizedHi-
Nicalonfibers(fibervolumefractionVf=35percent),whilecompositeNo.2incorporateddouble-coatedHi-Nicalon
fibers(alayerof-0.4lampyrolyticBN(p-BN)overcoatedbya-0.2to0.3ramthickSiCdiffusionbarrier:Vf=28percent).
CompositeNo.3willrefertoacompositesimilartocompositeNo.2,butwitha12wt%Si-dopedp-BNlayer(-0.4pan
thick)andanovercoatingofSiC(-0.2to0.3pmthick).Sectionsofeachcompositewerepolishedperpendicularand
paralleltothefiberdirection.Some"reference"fiberswerealsoextractedfromcompositeNo.2bymatrixcrushingin
anagatemortar.SuchextractionwasimpossibleincompositeNo.1duetofiberstrengthdegradationfrommechanical
damageduringcompositeprocessing(ref.46).

CHOICEOFTHE"STRESSPROBE"ANDFITTINGPROCEDURE

DuetothehighelectronicabsorptionofC-Cbondsinthevisible-UVrange,thesymmetricstretchingmodesand
theirharmonics(pureorcombined)areenhancedbyaso-called"resonance"phenomenon(refs.17and47).Hi-Nicalon
"siliconcarbide"fibershavearatherlargeexcessofcarbon(C:Sistoichiometricratioof 1.4,thatis40percentexcess
carbon),thusthesignalC-Cwhichwill thenbethemostconvenient"stressprobe."Onlyinthenearlystoichiometric
fibers,mighttheSiCspectrumbeusedforstressassessment.Ourresultswillbebasedontheso-called"'Dband"whose
attributionto"Csp3-Csp-/spbondshasbeendiscussedinpart1."Gband"("sp2"-likeC-Cbonds)hasbeenpreferred
in fiberssincethe"sp3''signaliseitherweakorlessdefined.Infact,thefinestructureofthe"sp2''massifinthenew
generationsof SiCfibersrevealsadoublet,onecomponentof which,D', haswavelength-dependentintensityand
position(ref.48).Thiscomponentisonlyashoulderinhighlyamorphouscarbon,butistrulypronouncedinSiCfibers.
Besides,thedoubletfittingdependstosomeextentonasmaller(butmuchwider)band,around1530cm-I(carbonlinked
toheteroatoms(refs.49to51)).Figurel illustratestypicaldecompositionsperformedusingtheLabspecsoftware
(Dilor,France).Thefirststepisthesystematicsubtractionofalinearbaselineattachedtothespectralwindowlimits.
AllknowncontributionsarethenenteredclosetotheirexpectedlocationsandaregivenaGaussianshape,exceptforthe
"sp3''carbonmodeandtheoptical(TO/LO)modesofSiC,whichareattributedtopureLorentzianshapes.Theadjusted
parametersarethewavenumber(v),thefullwidthathalfheight(w),theintensity,andthebandarea.

POWERANDWAVELENGTH-INDUCEDMEASUREMENTDISTURBANCES

Thermalexpansionhasthesamelengtheningeffecton bondsastensilestress.Any localizedheating
inducedbythelaserimpactmightthereforeleadonetooverestimatetensilestressesandunderestimatecompressiveones.
In unfavorableconditions,compressionmightevenbeconfusedwith tensilestress.Thereis thusa need,
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beforestressanalysis,forapreliminarystudyintendedtoassesstheinfluenceofworkingparameterson sample heating.

The first parameter is the material itself (M), which includes the fiber composition and its environment; fibers are either

free-standing in air, for Sie calibrations, or embedded in a given matrix for in-situ measurements and a large influence

of fiber surroundings on thermal dissipation is anticipated. The matrix should act as a huge heat sink and dissipate most

of the accumulated heat (ref. 52). Other parameters that nfight have an effect on heating are the wavelength _.of the laser

(because of carbon resonance), the laser power (P), the recording time (t) and the surface area impacted by the spot (A).

(i) Wavenumbers are highly sensitive to the power, which can be characterized by negative SiP parameters, ill
cm-l/mW unit:

Vi = V0 +Si p × P 161

Three examples of siP measurement are given in figure 2, for X = 514.5 nm. Results for nine tests corresponding to

different conditions (fiber, setting, wavelength...) are shown in table I, with corresponding VD0 values. The eight tests

on carbon D band measurements confirmed a linear mode softening with increasing power, for a variety of

{t: A} values. Regressions were extrapolated down to P = 0 mW although it looks like a very short dwell exists

below 0.5 mW (although we can not rule out heating at such low powers). Only for SiC (TO mode) was a dwell clearly

identified, up to 17 mW. Si-C bonds being non resonant in the visible range there is, therefore, no direct conversion of

the photonic energy into heat. Heating is postponed and measurement confidence would probably be better using SiC

as the stress probe (instead of the carbon signal) when new generations of nearly stoichiometric SiC fibers are studied,

even if it means longer recording times. The carbon phase is so dispersed in nearly stoichiometric fibers that it no longer
probes the actual stress anyway (ref. 4).

(ii) One expected result table I confirms is the poor dissipation ability of free-standing fibers, due to the low thermal

conductivity of air. In contrast, the matrix surrounding a fiber in a composite acts as a heat sink, the dissipating effect
being greater for a metallic matrix (Ti6242 alloy) than for ceramics (celsian).

(iii) The effect, if there is one, on changing A on the surface of free-standing fibers from 1 prn 2 (spot size) to 100
Jam2 (spot scanning by a mobile mirror) when {_,, P, t} are set at given values remains below the statistical error.

(iv) If there is any "time effect" on heat accumulation, the equilibrium state must be reached very' quickly.

Indeed, we noticed wave numbers did not systematically decrease, at least for power below 10 mW, when
t increased for a given set of {_,, M, A}.

Power clearly is the most important parameter. Data in table I will help us compensate the thermally

induced Raman shift as a function of the sample and the wavelength used. Given the uncertainties, the maximal power

per square micrometer that would not dramatically perturb the room temperature signal is about 1 mW for matrix-
embedded fibers but falls, below 0.5 mW for free standing fibers.

RESULTS

Fiber Analysis

SeD Calibration under axial tension.--A -2.7 (+0.4) cm-t/% value has been obtained by Gouadec et al. (ref. 52) for

SeD in annealed Hi-Nicalon fibers (1000 °C in reducing atmosphere) observed with the _,= 514.5 nm line

(table II caption in this reference wrongfully mentioned air annealing). Note that changing the power from 2 to
8 mW provoked a 9.1 cm -1 shift ofv D, which agrees well with the 9.2 cm -1 shift predicted on the basis of table I.

In addition, Se D measurement showed a good reproducibility for fibers analyzed under equivalent conditions, which was

not true tbr SeG . Hence the "stress-sensitivity" of the D band is greater than that of G. Figure 3(a) shows that for a pure

carbon fiber (FT700 grade), both vD and SeD change linearly with the exciting laser line energy. A similar linear behavior

is found for vD in Hi-Nicalon fibers (fig. 3(b)) and can consequently be expected also for their SeD .

In situ Results; Comparison with stress-free references.--Once S_i is known, it becomes possible to interpret
wavenumber shifts from one place to another in terms of stress difference. The actual loading at each point

requires a v ° "stress-free" reference measured at room temperature, v0 might unfortunately differ from one sample to
another and a value found in the sample itself is expected to be the most reliable possible, at least more than that obtained

from Sei calibrations. Besides, measuring the stress in the same sample as the reference would avoid compensating for
the "laser heating" issue. The two spectra of the longitudinal mapping of figure 4 (458 nm) that were recorded on the

fiber crack in composite No. 2 are almost stress-free internal references. With 5 mW exciting power, their D band mean
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wavenumberwas1358.80(_+1.00)cm-I, themeanforallotherprobedpointsbeing1365.75I_+0.15)cm-1.Thereisthus
strongevidencethatthefiberisincompressioninthematrix.Thefittingofspectrathatwererecordedunderthevery
sameconditionsoncrosssectionsgaveanaverage1366.20(_+0.30)cm-l wavenumber(7measurementpoints).Some
matrixbeingremovedonpolishedcrosssections,onemightexpectgreaterstresseffectsonspectrarecordedthroughthe
matrix.Suchrecordingwasnotpossible,duetocelsian'slowtransparency(<20Hm). But, Wu and Colomban found

equivalent results for fiber reinforced nmllite probed on cross sections and through the matrix (ref. 53). This peculiar
behavior must result from CMCs having reloading lengths of a few microns only, much smaller than the typical 500 to

1000 _arn values encountered in organic matrix composites (ref. 19).
Cross-sectional probing performed with 2 mW power instead of 5 mW) produced a value of ~ 1367.20 + 0.25 cm -1

(100 s/spectrum). According to figure 2, a 0.7 cm -! heating-induced shift is anticipated when power is changed from
2 to 5 roW. The results are therefore consistent, provided the preliminary study on power influence is taken into account.

All shifts we measured on composites Nos. 1and 2 remained low compared with the experimental accuracy and we

decided to record additional series of spectra with the 514.5 nm wavelength, for the neon line to be systematically

included as a reference (ref. 52). Besides, this wavelength allows carbon signal recording at once (one window only,

hence better fitting) and we already had a SeD vahie. The power was fixed at 1 mW on the sample, the lowest possible

value still giving acceptable spectra quality for reasonable recording times. We retained 180 sec/spectrum, but we

checked that a 900 sec recording did not produce different values, neither for wavenumbers, nor for bandwidths.

The in situ results are presented in figure 5. Spectra were recorded on cross sectional views ion polished composites),

freshly cut fiber sections or sections of extracted fibers; the latter constitute an internal reference. Different regions were

tested in composites Nos. 1 and 2 for statistical analysis. Plotted values are average with error bars indicating the

extremes. Figure 6 gives an example of a two-dimensional mapping performed on composite

No. 1 under the conditions used for figure 5. Again, a correction of the apparatus shift was done using the neon line as

a reference.

Interphase Materials

SiC and Si spectra were presented in part 1 (ref. t) from a qualitative point of view. The wavenumbers will be

discussed below in terms of possible strains, which will not be possible for BN, due to a disturbing signal scattering

phenomenon (ref. 1 ).

DISCUSSION

The Fiber Stress in the Composites

The above-mentioned apparent compression is in perfect agreement with the coefficient of thermal expansion (CTEI
of the Hi-Nicalon fiber (_ = 3.5x I0-6/°C between room temperature (RT) and 500 °C, from Nippon carbon data sheets)

and the ceisian matrix (c_= 5.28x 10_/°C between RT and 1200 °C (ref. 54) ). For CMCs, the reinforcement CTE should

be greater, to put the matrix, whose tensile strength is low, under residual compression and, in this way, prevent

microcracking up to acceptable loading (ref. 55). Yet, low ot materials usually have loosely packed frameworks and a

compromise must be found to keep acceptable mechanical properties. The best matrix choice requires a chemical and

mechanical analysis of the multiphase materials. Note that o_of monoclinic celsian phase of SrAI2Si208 was measured

to be 2.5x 10m/°C by Bansal (ref. 56), which confirms thermal expansion of celsian is a function of the alkali/alkaline-
earth content tref. 57).

Anticipated Stress.--According to Wu et al. (ref. 58), the axial COAl and transverse (o r) residual stresses in an
"infinite" fiber, that is to say a long and nonfragmented fiber, embedded in a given matrix, can be calculated

using the following expressions:

(71
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_T [O_T-- O_m+ VA(OCA -- O_m)] X AT= , (8)

(2v7_ 1-VT l+Vm)EA ET Em

The subscripts in equations 17) and (8) are relative to the matrix (m) and the axial (A) or transverse (T) properties of the

fiber, v are Poisson ratios and AT represents the difference between room temperature (RT) and the so-called "induction

temperature," Ti, at which the matrix becomes too "soft" to constrain the fiber (ref. 59) (see above for significance of

E and tx). Due to lack of availability of experimental values of T i, we will replace it by T s =1300 °C, a typical sintering

temperature for alumino-silicate matrices. Besides, given the relative isotropy of Hi-Nicalon fibers and, again, due to

lack of data, axial and transverse properties should be considered the same (with a subscript f). If we now put all Poisson

ratios to zero, which is partly justified as a first approximation by the very local probing scale of Raman spectroscopy,
equations (7) and (8) simplify to:

_a = (am - O¢.f)x AT x Ef (9)

(EmEf)

qa=(0_m-O_f)xATX(E m+Ef)
(10)

Taking E m = 96 GPa lref. 54) and assuming the Ef = 270 GPa Young's modulus given by Nippon Carbon Company for

Hi-Nicalon fibers, the compressive stress should be about 600 to 650 MPa, axially, and >150 MPa, radially. The stress
measurement derived from (unpolarised) Raman spectra should fall in between since the method is not sensitive to the

loading direction, at least in amorphous materials.

Experimental Stress Assessment.iLooking at figure 5, the wavenumbers of the Hi-Nicalon fibers before matrix

embedding are rather close: uncoated and coated fibers are suitable to serve as "stress-free" references. Their bandwidths

are slightly different, but figure 7 in part 1 showed structural evolution of Hi-Nicalon fibers begins around 1300 to
1400 °C, which happens to be the temperature range of p-BN/SiC chemical vapor deposition.

The experimental wavenumber shift AVDxp of D band of any Hi-Nicalon fiber, measured with respect to the "stress

free reference" of a free-standing fiber (VFree_standin_) has three possible origins. It can result from a mechanical stress
(AVstress), but laser heating (AVHeating) and/or chenucal alterations (AVChemistrv) must also be considered:

AVDxp = VSample - VFree_standing = AVStress + AVHeating + AVChemistD. (111

The stress-related shift, the one we want to know, is given by equation (2):

AVstress = S E AE%Hi-Nicalon × (12)

Concerning the laser heating, it is straightforward to write:

AVHeating = P x (SsPample- SPree_standing ) (131

As for the chemical term, it can be neglected in our case, on account of the small bandwidth difference between

embedded and reference fibers. This approximation is ascertained by the fact that DAVExp _ 0 for the fiber extracted from
composite No. 2 (it has the same wavenumber in figure 5 as the "stress-free'" references of the left hand side), for which

AVstress and AVHeating must vanish. All in all, the residual compressive stress will be obtained from the following
expression:

Ef Ae% _Efx AVStress Ef × PXSsampte -Px Free-standing -AVDxpA_ ....-Ef xAe x = = (14)
100 100 eSHi_Nicalo n 100 X S eHi- Nicalon

NASA/TM--2000-210456 6



Afterfigure5.forwhichPis1roW,theexperimentalshiftsarethefollowing:

=AV#3 =1353.65-1351.70=1.95cm-L
AV#1p Exp

#2
AVExp= 1352.80 - 1351.70 = 1.10 cm -l

If we put these shifts in equation (14), taking Ef = 270 GPa: _ - "_7 cm-l/%: qP/514..s n,nHi-Nicalon - -'" _D in celsian = --0.55 cm-l/mW

qP/514.5 nm
and OD Freestanding = -1.54 cm-l/mW, the calculated stress is 110 MPa compression in composite No. 2 • a 960MPa

compression in composites Nos. 1 and 3. Hence, the p-BN/SiC interphase apparently relaxes the residual stress, but not

the silicon-doped one. Besides, working with the 514.5 nm line, we found that vD in a fiber surrounded by a preserved
p-BN/SiC double coating was lower than in a nearby fiber with a broken SiC ring, where

p-BN layer had dissolved in the celsian. The BN layer acts as a compliant material which protects the fibers and results

in better _r and m (Weibull modulus) values in the composite (refs. 60 and 61 ).
The compressive stresses we found (100 and 950 MPa) are not exactly in the range anticipated from our

micromechanical modeling (150 to 650 MPa). Yet, the estimate relied on man 3, approximations and did not consider

interphase materials at all. On the other hand, the values of SP that we used for the Raman measurement nfight not be

the exact ones. Besides, we possibly incorrectly estimated the value of S_. Indeed, measurements on carbon
Iref. 30) and polymeric fibers iref. 32t revealed a slight but steady softening when stresses were changed from tensile

to compressive (Etensil e > Ecompression). Despite this phenomenon, equation (l) remained valid, which, according to
equation (6), meant a correlative decrease of S_ in compression. Wavenumber shifts were no longer proportional to the
strain (ref. 21 ) and equation (2) had to be replaced by second or even third order polynomial expressions (P75 (ref. 26)

and Graphil XAS (ref. 311 carbon fibers) to unify compressive and tensile behaviors for first and second order bands.

However, ceramics consist of highly covalent bonds, have a three-dimensional-structure and no failure initiating defects

in compression. Besides, in the peculiar case of the Hi-Nicaion fibers, there is a uniform distribution of C and SiC species,

Si-C bonds have a high strength and SiC grains have no boundary since excess carbon just substitutes for Si atoms. We

therefore assume our S_D value is almost the same whatever the sign of the applied strain, at least in the explored range.
Hi-Nicalon fibers dependency must remain linear, as was shown for fully crystalline polydiacetylene fibers (ref. 21).

Statistical Relevance of the Results.IIt must be pointed out that not only the recording conditions, but also the

statistical dispersion between the fibers (batch, size, coating, environment... 1must be taken into account to ascertain the
effect of chemical degradation or stress concentration on the Raman spectra. For instance, core wave-

numbers in figures 5 and 6 differ in spite of perfectly identical working conditions. Yet, there is good consistency

in the series of experiments we carried on composites Nos. 1 and 2 (fig. 5). The extreme values we obtained on

nine different fibers of the same part of a sample and for the same recording conditions (488 nm) were -1359.5
and 1360.3 cm -l. A tenth fiber, isolated from the others by at least ten diameters showed a higher value of

-1360.7 cm -1. Thus, the compression would be attenuated by the presence of surrounding fibers, which would mean,

as expected, that the matrix plays a more important role than the interphase in compressing the fibers.

Possible Edge Effect.IFigures 6(b) shows evidence of an apparent stress relaxation about 3 _'n from the fiber-

matrix interphase in composite No. I. A band widening is observed at the very interface in figure 6(c), which suggests

a chemical alteration (or fitting errors due to intensity lowering), but the wavenumber shift must have a mechanical effect

for the region of constant bandwidth. The best way to ascertain why the C-C bonds of the edge region are different would

be to record spectra on nickel-embedded fibers, which would rule out any mechanical effect _ref. 62). A small

"compression relaxation" was detected in composite No. 2 when moving away from the fiber core, but no proper "edge

analysis" could be performed where BN contribution was affecting the bandwidths.

Wavelength influence.--Rapid mappings performed with four different wavelengths (458/488/514/647 nm)

confirmed the compressive nature of the stress in composite No. 2, but with a constant difference, about 1 cm -1, between

"stress-free" references (either desized fibers or extracted fibers) and the wavenumber measured in situ. If S_ really

depends linearly on the laser energy (in eV unit), according to figure 3 comments above, then we must conclude that the

stress is wavelength-dependant. As a matter of fact, light penetration in resonant materials is correlated with the

wavelength. Assuming that the absorption of Hi-Nicalon fibers should be close to that of amorphous silicon carbide

fa-SiC) films, which is ascertained by Raman spectra similitude, the maximal penetrations can be assumed to be about

25 and 75 nm for the 458 and 647.1 nm lines, respectively (ref. 63). There might exist actual stress differences as a function

of the distance to the sample surface or, in other words, the analyzed volume. Our observation would indicate a stress

gradient with the lowest stress measured at the very surface of the sample (blue laser observation). This seems logical,

but more detailed results would require precise measurements of the laser power and using reference lamps for red and
blue excitations.
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OVERCOATINGANALYSIS

ForSiCandSi materials,theonly valuesat our disposal were found in the literature for compressive

experiments in diamond anvils on single crystal pieces. The sensitivity of SiC spectra to pressure has been investigated

with the 514.5 nm line for the 3C (refs. 43 and 64), 6H (refs. 8, 64 and 65) and 15R (ref. 64) polytypes. Linear dependencies

of 3.53+0.21 and 4.28_+0.22 cm-l/GPa were calculated respectively for the TO and LO modes of 6H-SiC (ref. 8), which

our SiC layer mainly consists of (see part 1 ). TO l and LO modes are at their expected values (796 and 966 cm -l,

respectively) but TO 2 mode points at 788 cm -l, while its reported stress-free value is about 789.2 cm -l. This would

correspond to a huge stress, but this "shift attribution" would be dubious and the great variety of recorded spectra (see

part 1) is rather a consequence of great structural variations (SiC polytypism, see part 1).

Apparently, the more intense the silicon signal, the weaker the TO! contribution. Silicon unsplit (stress-free)
wavenumber peaks at 520.6 cm -! (ref. 66). It is a triply degenerate mode where stress-induced splitting has been fully

reported in the literature along the [ 111 ] and [001 ] directions (ref. 13), or biaxial strains in a polycrystalline silicon thin

layer (refs. 66 and 67). The mean value (weighted by the degeneracy) must be considered in disordered silicon and the
splitting explains band widening observed in strained silicon. In our samples we detected a mean 2 cm -1 shift, which

would indicate compressive stresses of about I GPa (the mean sensitivity is 500 MPa/cm -! (ref. 68)). Such value

would be very high for a macroscopic stress, but what is measured here is a very local stress.

SUMMARY

The fibers are under compressive residual stress of 950 MPa in celsian matrix composites reinforced with uncoated

or p-B(Si)N/SiC coated Hi-Nicalon fibers. In another celsian matrix composite, where Hi-Nicalon fibers have been

coated with undoped p-BN/SiC, residual stress in the fibers seems to have significantly relaxed to 110 MPa. In addition,

the compression seems to reach a higher level at the fiber core than in the vicinity of the fiber-matrix interface. More

precise results would require (i) taking into account the effective Young's Modulus in compression, (ii) performing

calibrations under compression, and (iii) using fibers annealed under the conditions of composite fabrication as a
reference.

CONCLUSION

For Hi-Nicalon fiber-reinforced composites, a stress relaxation-like phenomenon was observed at the surface of

p-BN/SiC-coated Hi-Nicalon fibers whereas the uncoated or p-B(Si)N/SiC-coated fibers did not show any stress

relaxation. This is presumably due to diffrrences in the compliance of the two interphase coatings.
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TABLE I_ ORDINATE AT ORIGIN v, '_AND SLOPE S e,OF LINEAR REGRESSIONS

CALCULATED AFTER THE FITTED WAVENUMBERS OF MODE i, PLOTTED

AS A FUNCTION OF THE LASER POWER P (in roW. Be|EASURED ON THE

SAMPLE). FT700 1S A PURE CARBON FIBER (TONEN. JAPAN): SCS6

FIBER (TEXTRON, U.S,A.) IS A 33 _tm DIAMETER CARBON FILAMENT

SURROUNDED BY A 50 ml TIIICK SIC LAYER (ref. 69),

Mode i/Fiber/Matrix/LI rim) ','_ Icm-i ) S_',qcm-'/mW )

Carbon D bandJHi-S Nica]on/_/647.1

"D"/Hi-Nicalon/"/514.5

"D"/Hi-Nicalonb/_/514.5

"D"/FT700/-/514.5

"D'"/SCS6,"Ti alloy/514.5

"'D"/Hi-Nicalon/celsian/514.5

"D",'l-li-Nicalon/celsian/457.9

"D"/l--li-Nicalon/celsian/647. l

SiC to modea/SCS6I SiC)FFi alloy/514.5

1326,11

1353.96

1357.76

1354,18

1354,26

1355,06

1368,90

1328,88

791,49

-1,30

-1,54

-1,60

-0,20

-0,47

-0,55

-0,70

_3,57

0"

"Free-standing fiber.
bScanning over 100 _tm.
'In the center of carbon filament.
a12.5 _m from the fiber edge.

S'_o sic' = -0.07 cm-VmW for P > 17mW.
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Figure 1 .---Typical examples of spectral deconvolutions.

(a) carbon spectra. (b) SiC spectra (O: Optic mode;

T: Transverse mode; L: Longitudinal mode).
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Figure 4.--(a) Photomicrograph of composite #2
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were recorded with the 458 nm line (5 mW, 60
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recorded along the fiber and on the fiber crack.
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corresponding sample. The number of recorded spectra is given.
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Figure 6.mExample of cross section 2-D mapping
(0.5 I_m steps in X and Y directions) performed on

a fiber/matrix interface in composite #1 (uncoated

fibers) using a 514.5 nm excitation (P = 1 mW,

t = 300 s). (a) Photomicrograph. (b) Mapping based

on the fitted wavenumbers for the spectra in the

black rectangle. (c) Bandwidth mapping.
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